. How CD99 signals during this process remains unknown. We show that during TEM, endothelial cell (EC) CD99 activates protein kinase A (PKA) via a signaling complex formed with the lysinerich juxtamembrane cytoplasmic tail of CD99, the A-kinase anchoring protein ezrin, and soluble adenylyl cyclase (sAC). PKA then stimulates membrane trafficking from the lateral border recycling compartment to sites of TEM, facilitating the passage of leukocytes across the endothelium. Pharmacologic or genetic inhibition of EC sAC or PKA, like CD99 blockade, arrests neutrophils and monocytes partway through EC junctions, in vitro and in vivo, without affecting leukocyte adhesion or the expression of relevant cellular adhesion molecules. This is the first description of the CD99 signaling pathway in TEM as well as the first demonstration of a role for sAC in leukocyte TEM.
During inflammation, leukocytes are recruited to sites of tissue damage through a series of adhesive molecular interactions between leukocytes in circulation and the endothelium (Ley et al., 2007; Muller, 2011) . Transendothelial migration (TEM), or diapedesis, is the step in which leukocytes traverse the endothelial barrier to gain access to the interstitium. Two membrane proteins critical for this process are platelet/ endothelial cell (EC) adhesion molecule-1 (PECAM) and CD99. The role of CD99 in TEM has been established for monocytes, neutrophils, and T cells both in vitro (Schenkel et al., 2002; Lou et al., 2007; Manes and Pober, 2011) and in vivo (Bixel et al., 2004; Dufour et al., 2008; Bixel et al., 2010) . However, the mechanism by which EC CD99 regulates TEM is unknown.
PECAM and CD99 are expressed on most hematopoietic cells and are concentrated along endothelial borders (Ley et al., 2007; Muller, 2011) . These proteins interact homophilically between leukocytes and ECs to regulate TEM sequentially in vitro, with PECAM acting upstream of CD99 (Schenkel et al., 2002; Lou et al., 2007; Sullivan et al., 2013) ; inhibiting PECAM arrests leukocytes apically over EC borders, whereas disruption of CD99 arrests leukocytes partially through the junction (Schenkel et al., 2002; Lou et al., 2007) . Pools of unligated PECAM, CD99, and other molecules relevant to TEM reside in the lateral border recycling compartment (LBRC), and membrane from this compartment is directed to sites of TEM in a process known as targeted recycling (TR; Mamdouh et al., 2003 Mamdouh et al., , 2008 . Whereas PECAM-PECAM interaction is known to be critical for TR, and subsequently TEM (Mamdouh et al., 2003) , the role of CD99 in the recruitment of the LBRC is unknown.
CD99 is a unique, small (32-kD) glycoprotein that is homologous only to the recently described CD99L2 (32% sequence homology; Suh et al., 2003) . The cytoplasmic tail of CD99 is short and is not known to interact with any (c) LBRC enrichment was quantified as previously described (Mamdouh et al., 2003) . In brief, the maximum fluorescence intensity (MFI) around the leukocyte was divided by the MFI of staining along neighboring junctions not in contact with leukocytes. Values greater than one denote enrichment. (d) Quantitative TEM assays were performed in parallel to ensure that anti-CD99 blocked TEM. (e) Two-color TR assays (see Materials and methods) were performed in the continuous presence of anti-CD99 (IgG 1 ) or mouse IgG 1 (control). DyLight550 GM IgG 2a (550-GM IgG 2a , first antibody) labeled LBRC membrane (labeled with nonblocking mouse anti-PECAM IgG 2a antibody, clone P1.1) that trafficked before the CD99-dependent step of TEM. DyLight488 GM IgG 2a (GM IgG 2a , second antibody) labeled LBRC membrane (labeled with P1.1 antibody) delivered after leukocytes have been arrested by anti-CD99. Time denotes minutes incubated with 488-GM 2a . (f) Quantification of LBRC enrichment was performed for both antibodies as a function of time. In brief, the average MFI around the leukocyte was divided by the MFI of neighboring junctional staining for each antibody. (g) TEM assays were performed using HUVECs pretreated with either anti-VE-cadherin (nonblocking, control) or anti-CD99. After 50 min, either GM (GM IgG, cross-linking secondary antibody, XL) or goat anti-rabbit (GRb IgG, control) was added to the cells for 10 min. (h) Two-color TR assays were performed in the presence of anti-CD99 mAb (IgG 1 , as described above). Before incubation of samples with labeled with a nonfunctional blocking mAb): DyLight550-conjugated goat anti-mouse secondary (550-GM) to label membrane delivered before the CD99-dependent step of TEM, and DyLight488-GM (488-GM) to label LBRC membrane delivered after leukocytes have been blocked at the CD99-dependent step of TEM. Using this technique, we found that although leukocytes arrested by anti-CD99 mAb showed enrichment for LBRC membrane delivered before the CD99-dependent step of TEM (as seen by enrichment of the 550-GM antibody), blocking CD99 function prevented further delivery of the LBRC to sites of EC-leukocyte contact (as seen by absence of enrichment with the 488-GM antibody; Fig. 1 , e and f). As a control, ECs pretreated with IgG control demonstrated LBRC enrichment with both antibodies. Therefore, we conclude that CD99 is required for additional membrane recruitment from the LBRC, and that blocking CD99 function prevented subsequent influx of the LBRC to sites of TEM where leukocytes were arrested.
Anti-CD99 mAb inhibits TEM by disrupting the engagement of leukocyte CD99 with endothelial CD99, thus preventing the multivalent clustering of CD99 on each cell type and the subsequent activation of downstream effector molecules. In EC, anti-CD99 prevents recruitment of the LBRC, thus blocking TEM. We postulated that artificially clustering endothelial CD99 could bypass the antibody blockade by providing the necessary signal to restore TR and TEM. To test this hypothesis, we first blocked TEM by pretreating the EC with anti-CD99 (IgG 1 mAb) and then adding GM IgG 1 (cross-linking IgG) or goat anti-rabbit IgG (control IgG). Addition of the cross-linking IgG specifically restored TR and TEM, despite the presence of continued anti-CD99 blockade (Fig. 1, g-i) . Thus, clustering of endothelial CD99 is sufficient to initiate a signal to recruit the LBRC.
CD99 engagement activates PKA
The cytoplasmic tail of CD99 is bereft of traditional signaling domains. To find potential signaling pathways responsible for restoring TR, we investigated whether compounds known to stimulate EC membrane movement, such as histamine (Feng et al., 1996) , were sufficient to induce TR and rescue TEM in the presence of anti-CD99. We performed TEM assays in which HUVECs were blocked with anti-PECAM or anti-CD99 and then briefly treated with histamine. Histamine selectively overcame the CD99 blockade and significantly restored TEM (Fig. 2 a) . Because histamine acts on three receptors in EC (H3-receptor is predominately neuronal), we used pharmacologic antagonists of each receptor to show that blocking the EC H2-receptor (H2-R) specifically prevented the ability of histamine to overcome the CD99 blockade (Fig. 2 b) . The H2-R agonist dimaprit reproduced the other proteins. Much is known about the signaling mechanisms of other EC adhesion molecules (Muller, 2011) , but nothing to date has been published regarding the downstream signaling mechanisms of CD99.
In this study, we found that CD99 and soluble adenylyl cyclase (sAC) interact at endothelial borders with PKA through the A-kinase anchoring protein (AKAP) ezrin. The formation of this signaling complex is dependent on a small lysine-rich region of the CD99 cytoplasmic tail. During TEM, homophilic engagement of endothelial CD99 leads to activation of PKA through sAC, which triggers TR of the LBRC to sites of TEM. RESULTS CD99 engagement stimulates a second wave of TR to sites of TEM Abolishing PECAM function has been previously shown to inhibit the targeted enrichment of LBRC membrane to sites of TEM, thus preventing TEM (Mamdouh et al., 2003) . Because CD99 is also a resident molecule of the LBRC and it functions downstream of PECAM during TEM, we hypothesized that CD99 is required for a subsequent step in TR. To test this, we used a specialized technique to monitor LBRC membrane movement during TEM, known as the TR assay (see Materials and methods; Mamdouh et al., 2003; Mamdouh et al., 2008) . In brief, this technique utilizes PECAM as a surrogate marker for the LBRC. We used a Fab fragment of a nonfunctional blocking antibody (mouse anti-human PECAM, clone P1.1 (Liao et al., 1995) , to prebind PECAM in the LBRC. Any P1.1 Fab on the surface is saturated with unlabeled anti-mouse IgG at 4°C. We are then able to track the movement of the LBRC during TEM using the identical anti-mouse IgG conjugated to a fluorophore. To test our hypothesis, target recycling assays were performed using ECs pretreated with either anti-CD99 mAb or control IgG. Despite blocking transmigration with anti-CD99, a similar percentage of leukocytes were enriched with membrane from the LBRC (Fig. 1, a-d ). (Definition of LBRC enrichment is a >1 fold increase in the staining around a leukocyte compared with a neighboring junction not in contact with the leukocyte.) From this, we concluded that CD99 is not required for the initiation of TR of the LBRC. However, this is not surprising given the phenotype of anti-CD99 blockade.
Because blocking CD99 function did not inhibit the initiation of TR, we next sought to test whether the ablation of CD99 function blocks TEM by preventing subsequent recruitment of the LBRC. To test this hypothesis, we used a modified TR assay (see Materials and methods). In brief, we used two different secondary antibodies to monitor the movement of membrane from the LBRC (assessed by PECAM 488-GM IgG 2a at 37°C, cells were treated with either GM IgG 1 (CD99-specific cross-linking antibody) or GRb IgG for 0 or 5 min. (i) Degree of LBRC enrichment was quantified. Bars, 10 µm. Images are representative of three (a and h) or four (e) independent experiments. Data represent the mean value of three (b-d, f, and i) or four (g) independent experiments. Error bars denote SEM. **, P < 0.01; ***, P < 0.001; Student's t test). (a) Quantitative TEM assays were performed using HUVECs pretreated with nonblocking anti-VEcadherin, anti-PECAM, or anti-CD99 mAb. After 50 min, histamine (10 µM) was added to samples for 10 min at 37°C. (b) TEM assays were performed using HUVECs pretreated with either anti-VE-cadherin (nonblocking control) or anti-CD99 mAb. Additionally, HUVECs were pretreated with diphenhydramine (H1-R antagonist, 10 µM), ranitidine (H2-R antagonist, 10 µM), or JNJ-10191584 (H4-R antagonist, 10 µM) or DMSO (carrier). After 50 min, histamine (10 µM) or dimaprit (H2-R agonist, 10 µM) was added to samples for 10 min. (c) Immunoblot analysis of phospho-VASP S157 and phospho-CREB S133 activity after anti-CD99 or anti-PECAM mAb (control) cross-linking (XL) in resting HUVECs. (d and e) Quantification of results in c, pVASP and pCREB signals were normalized to total VASP and total CREB, respectively. Values were then normalized to CD99 XL. (f) Antibody-coated polystyrene bead recruitment of CD99 and activation of phospho-PKA. Beads precoupled with mIgG 1 , anti-CD99 mAb, or anti-PECAM mAb were added to HUVEC monolayers expressing hCD99-GFP. Monolayers were subsequently stained with anti-VE-cadherin and anti-pPKA T197 PKA antibodies. Arrows indicate beads bound to HUVECs. (g and h) Quantification of data; percent of beads in the field of view with either hCD99-GFP or pPKA T197 enrichment. Bars, 10 µm. Images are representative of three (f) or four (c) independent experiments. Numerical values are the mean of three (a, b, e, g, and h) or four (d) independent experiments. Error bars represent SD (d and e) or SEM (a, b, g, and h; ***, P < 0.001; ****, P < 0.0001; Student's t test [a, b, d, and e] and ANOVA [g and h] ). analysis revealed that cross-linking CD99 selectively activated PKA (Fig. 2, c-e) .
To gain further understanding of how CD99 clustering activates PKA, we used antibody-coated beads in conjunction with immunofluorescence (IF) staining to spatially assess PKA activity. Phosphorylation of Thr197 of the PKA-C subunit is required for PKA activity (Cauthron et al., 1998) . Although constitutively phosphorylated in mammalian cells, phospho-PKA Thr197 can be used as a marker for locally activated PKA in intact cells. Upon activation of PKA by cAMP, the tetrameric holoenzyme dissociates, permitting access of the antibody to this residue once hidden by the regulatory effect of histamine by overcoming anti-CD99 treatment. We conclude that the ability of histamine to override the anti-CD99 blockade of TEM was a result of the activation of a common downstream signaling pathway shared by H2-R and CD99.
H2-R activation induces cAMP production and subsequent PKA activation (Forte and Zhu, 2010) . We tested whether CD99 engagement could reproduce this effect. HUVECs were cross-linked with anti-CD99 or anti-PECAM mAb, using two known PKA substrates, phospho-VASP Ser157 (Butt et al., 1994; Howe et al., 2005) and phospho-cAMP response element-binding protein (CREB) Ser133 (Gonzalez and Montminy, 1989) , to assess PKA activity. Immunoblot (a and b) Quantitative TEM assays were performed using HUVECs pretreated with anti-VE-cadherin (control) or anti-CD99 mAb (IgG 1 ). After 50 min, 8-CPT (30 µM), Forskolin (30 µM), or DMSO (control) was added to the cells for 10 min. (c) Two-color TR assays were performed (as previously described). In brief, before warming monolayers to 37°C, 488-GM IgG 2a and 8-CPT, Forskolin, or DMSO were added. Cells were then incubated at 37°C for either 0 or 5 min and subsequently washed, fixed, and stained. Arrows denote LBRC enrichment around anti-CD99-arrested monocytes. (d and e) LBRC enrichment was quantified for both 550-or 488-GM antibodies. (f) Quantitative TEM assays were performed using HUVECs pretreated with either anti-VE-cadherin (control) or anti-CD99 mAb. PBMCs were then added and allowed to transmigrate at 37°C for 50 min. 10 min before fixation, either 8-CPT (general cAMP analogue) or 007-AM (selective-Epac activator) was added to cells. (g) HUVECs were treated in parallel with either 8-CPT or 007-AM for 10 min and then lysed. Immunoblot analysis of pVASP-S157 normalized to total VASP was used to assess PKA activity induced by the drugs. (h) Quantification of results above. Bars, 10 µm. Images are representative of two (c) or three (g) independent experiments. Numerical values are the average of two (d and e) or three (a, b, f, and h) independent experiments. Error bars represent SD (h) or SEM (a, b, and d-f; **, P < 0.01; ***, P < 0.001; Student's t test [a, b, and d-f] and ANOVA [h]).
Raising intracellular cAMP reverses anti-CD99 blockade of transmigration
Because there are cAMP-independent ways to activate PKA (Niu et al., 2001; Ferraris et al., 2002) , we determined if elevating cAMP could restore transmigration in EC blocked with anti-CD99. We performed TEM assays in which HUVECs were pretreated with either nonblocking anti-VE-cadherin (control) or anti-CD99 mAb. Brief treatment with either 8-CPT (a cAMP analogue) or Forskolin (an activator of ACs) restored TEM in anti-CD99 blocked cells to control levels (Fig. 3, a and b) . Next, we examined if 8-CPT and Forskolin could also rescued membrane trafficking from the LBRC.
subunit (Kim et al., 2005a; Taylor et al., 2013) . To confirm that the anti-CD99-coated beads were recruiting EC CD99, HUVECs were infected with adenovirus encoding CD99-GFP. In accordance with our immunoblot analysis, beads coated with anti-CD99 specifically recruited endothelial CD99-GFP and activated PKA, whereas beads bearing anti-PECAM or mIgG 1 did neither (Fig. 2, f-h ). To ensure the positive phospho-PKA signal was not caused by autofluorescence of the beads, HUVECs were also stained with VE-cadherin, which showed no enrichment. Together, these data demonstrate that the polyvalent engagement of endothelial CD99 activates PKA. DMSO (control) . HUVECs were then cross-linked with mIgG 1 control or anti-CD99 and lysed. Immunoblot analysis was performed for pVASP-S157 and total VASP. (b) Quantification of immunoblots. Values denote pVASP-S157 signal normalized to total VASP signal. Values were then normalized to the CD99/DMSO condition. (c) Amine-modified polystyrene latex beads were precoupled with mIgG 1 , anti-CD99, or anti-PECAM. HUVECs expressing hCD99-GFP were pretreated with DMSO, PKI, KH7, or ddAdo. Beads were added to HUVECs for 20 min at 37°C. Samples were then fixed and stained for VE-cadherin (not depicted) and pPKA-T197. Arrows indicate where polystyrene beads bound to HUVECs. (d and e) Data were quantified for percent of beads in the field of view with either hCD99-GFP or pPKA-T197 enrichment. (f) HUVECs were pretreated with DMSO, KH7, or ddAdo. PGE 2 (100 ng/ml) was added to HUVECs for 10 min. Cells were then lysed and immunoblot analysis was performed for pCREB-S133 and total CREB. (g) Quantification of immunoblots. Values denote pCREB-S133 signal normalized to total CREB signal. Values for all conditions were then normalized to DMSO/PGE 2 condition. Bars, 10 µm. Images are representative of two (c), three (f), or four (a) independent experiments. Numerical values are the average of two (d and e), three (g) four (b) independent experiments. Error bars represent SD (b) or SEM (d, e, and g; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; Student's t test [b] and ANOVA [d, e, and g] ).
To ensure that tmACs were being properly inhibited at the concentration of ddAdo used, HUVECs were pretreated as previously described. Cells were then activated with prostaglandin E 2 (PGE 2 ), a known GPCR ligand that stimulates tmAC production of cAMP. PKA activation was assessed by immunoblot analysis of phospho-CREB. In contrast to CD99 cross-linking, PGE 2 -induced activation of PKA was not affected by KH7 but was significantly inhibited by ddAdo treatment (Fig. 4, f and g ). These data support the finding that endothelial CD99 activation of PKA is due specifically to signaling through sAC.
Inhibiting sAC blocks leukocyte TEM
Having demonstrated that CD99 associates with and signals through sAC to activate PKA, we examined if sAC is required for transmigration. We performed TEM assays in HUVECs pretreated with either anti-CD99 (mouse IgG 1 mAb) or anti-VE-cadherin (mouse IgG 2a mAb), as well as PKI, KH7, ddAdo, or DMSO. As seen above, inhibiting endothelial CD99 with function-blocking mAb substantially ablated TEM (Fig. 5 a) . As expected (Fig. 1) , this blockade could be overcome if GM cross-linking antibody was briefly (10 min) added to polyvalently cluster the function-blocking CD99 antibody, thus providing the necessary activation to propagate EC CD99 signaling cascade. As a control, adding goat antirabbit antibody had no effect on anti-CD99 blockade of TEM. Inhibiting sAC or PKA not only prevented CD99 cross-linking-mediated restoration of TEM, but also blocked TEM in HUVECs treated with control antibody (Fig. 5 a) ; this is expected if sAC and PKA function sequentially downstream of CD99. Conversely, blocking tmACs did not have any effect on leukocyte TEM.
To further test if sAC and PKA are involved in CD99 signaling in TEM, we examined whether inhibiting sAC arrests leukocytes at a similar step, phenotypically, as anti-CD99. TEM assays were performed in the presence of anti-CD99, PKI, KH7, ddAdo, or DMSO. IF staining was performed on fixed samples. Using 3-D confocal microscopy, we were able to assess where leukocytes were arrested in relation to the endothelial monolayers. As seen from xz-orthogonal views (Fig. 5, b and c) , blocking PKA or sAC reproduced the phenotype of the anti-CD99 blockade, in which leukocytes are arrested partway through endothelial junctions. To ensure that this assay properly discerned leukocytes stuck partway through the junctions from those arrested on the apical surface, TEM assays were performed in HUVECs pretreated with either anti-PECAM or anti-CD99. In accordance with previous studies (Schenkel et al., 2002; Lou et al., 2007) , anti-PECAM blockade arrested leukocytes on the apical surface of EC, whereas anti-CD99 arrested cells partway through junctions (Fig. 5, d and e). These results were reproduced using TNF-activated HUVEC monolayers, which showed an equal level of blockade for anti-CD99 and KH7-treated conditions, with the majority of leukocyte arrested partway through the endothelial junctions (unpublished data). Eluate controls (Mamdouh et al., 2009) 
confirmed that
We found that within 5 min either 8-CPT or Forskolin restored TR to sites of TEM where leukocytes were arrested by anti-CD99 (Fig. 3, . From these data, we inferred that the ability of 8-CPT and Forskolin to overcome anti-CD99 blockade of TEM was due to their ability to activate PKA to induce LBRC membrane trafficking to sites of leukocyte contact.
In addition to the classic PKA pathway, the downstream effects of cAMP can also be mediated by Epac (exchange protein activated by cAMP). This cAMP-regulated guanine exchange factor activates the small GTPase Rap1, which in turn stabilizes VE-cadherin at cell-cell junctions (Fukuhra et al., 2006; Noda et al., 2010) . Rapid remodeling of adherens junctions is a critical step for effective transmigration (Muller, 2011) , so we investigated whether there was a role for Epac downstream of CD99 signaling. We took advantage of a modified cAMP analogue that selectively activates Epac, 8-CPT-2Me (007-AM; Vliem et al., 2008) . HUVECs pretreated with either anti-CD99 or control antibody were briefly treated with either 8-CPT (which can activate both PKA and Epac) or 007-AM (Epac selective cAMP analogue). As observed before, 8-CPT restored TEM in anti-CD99 blocked cells to control levels; however, the Epac-selective cAMP analogue had no effect (Fig. 3 f) . Monolayers treated in parallel with the cAMP analogues were used for immunoblot analysis of phospho-VASP. As expected, 8-CPT induced activation of PKA, whereas 007-AM did not (Fig. 3, g and h) . These data show that the ability of cAMP to overcome anti-CD99 blockade of TEM is due specifically to the activation of PKA and not Epac.
Inhibition of sAC prevents CD99 activation of PKA
We next investigated how CD99 engagement led to increased cAMP and activated PKA. In mammalian cells, two classes of AC catalyze the formation of cAMP: G protein-regulated transmembrane ACs (tmACs) and sACs (sACs). KH7 is an sACspecific inhibitor, whereas 2'5-didexoyadenosine (ddAdo), when used at or below 50 µM, is a tmAC-selective inhibitor (Bitterman et al., 2013) . HUVECs were pretreated with KH7, ddAdo, or dimethylsulfoxide (DMSO; control) and crosslinked with anti-CD99 or mIgG 1 control. Immunoblot analysis for phospho-VASP was performed to assess PKA activity. The activation of PKA by cross-linking CD99 was significantly attenuated in EC treated with KH7, whereas inhibition of tmACs with ddAdo had no effect (Fig. 4 , a and b). To confirm this observation, we used antibody-coated beads and IF staining to spatially assess PKA activity. As seen previously, anti-CD99-coated beads were locally enriched with phospho-PKA staining. Furthermore, activation of PKA was significantly blocked in HUVECs pretreated with KH7 but not with ddAdo. As an additional control, we demonstrated that CD99-coated bead activation of PKA was blocked by the PKA inhibitor myristolyated protein kinase inhibitor peptide (PKI; Fig. 4 , c-e). From these data, we conclude that CD99 cross-linking activated PKA via stimulation of sAC. rendered resistant to shRNA-mediated knockdown by introducing multiple silent mutations in the target sequence of sAC t . Samples for immunoblot analysis were collected in parallel to confirm knockdown and rescue of sAC (Fig. 5, b and c) . These data demonstrate that genetic ablation of sAC in EC inhibits leukocyte transmigration.
To assess where sAC shRNA arrested leukocytes, IF staining was performed on fixed TEM samples. Knockdown of sAC arrested the majority of the leukocytes partway through the drugs were only blocking the EC with no secondary effect on the leukocytes (Fig. 5 f) .
To confirm that EC sAC is critical for TEM, we used shRNA to knockdown sAC expression in HUVECs and tested for defects in TEM. Compared with scrambled shRNA (control), sAC shRNA resulted in significantly decreased transmigration (Fig. 6 a) . Furthermore, this defect in TEM was rescued by the reexpression of a truncated isoform of sAC (sAC t ; Buck et al., 1999) . Important to note, sAC t was Figure 5 . Inhibiting sAC or PKA blocks leukocyte transmigration. (a) TEM assays were performed using HUVECs pretreated with either anti-VE-cadherin or anti-CD99, as well as DMSO, PKI, KH7, or ddAdo. Before fixation, either GM IgG (cross-linking antibody, XL) or GRb IgG (control) was added to samples for 10 min (b and c) PBMCs were added to HUVECs pretreated with DMSO, anti-CD99, PKI, KH7, or ddAdo. Samples were stained with anti-VE-cadherin (EC) and anti-CD18 (leukocyte). Confocal images were taken to assess the site of blockade. Leukocytes were scored as being above the endothelium, blocked partway through, or migrated below HUVEC monolayers. (d and e) HUVECs were pretreated with anti-VE-cadherin, anti-PECAM, or anti-CD99. PBMCs were allowed to transmigrate for 1 h. Cells were then fixed, stained, imaged, and analyzed (as described above). (f) Eluate control TEM assays were performed as previously described (Mamdouh et al., 2009) . In brief, HUVECs were pretreated with anti-VE-cadherin, anti-CD99, PKI, KH7, ddAdo, or DMSO for the duration of the incubation in blocking experiments. Cells were then washed and fresh media was added to samples. HUVECs were incubated at 37°C for 1 h (the duration of the normal blocking experiments). The media was collected from each well. The eluate media contains all of the inhibitor that would have eluted out of the cultures over the duration of the blocking experiment. PBMCs were resuspended in the eluate media, added to untreated HUVECs, and incubated at 37°C for 1 h. Cells were subsequently fixed and analyzed. Bars, 10 µm. Images are representative of two (e) or three (c) independent experiments. Numerical values are the average of two (d and f) or three (a and b) independent experiments. Error bars represent SEM (***, P < 0.001; ****, P < 0.0001; Student's t test [a] and ANOVA [b, d, and f] ). appreciated in the amount of sAC that coimmunoprecipitated with CD99 (Fig. 7, d and f). However, knocking down sAC expression did not affect the amount of ezrin that coimmunoprecipitated with CD99 ( Fig. 7, d and g ).
We next performed coimmunoprecipitation analysis on cells in which ezrin expression was ablated using shRNA. Knocking down ezrin not only decreased the amount of ezrin coimmunoprecipitating with CD99, but it also resulted in less sAC interacting with CD99 (Fig. 7, h-k ). These data demonstrate that CD99 associates with sAC through its interaction with ezrin.
To verify that EC ezrin is critical for leukocyte TEM, we performed transmigration assays using HUVECs pretreated with ezrin shRNA. Ezrin shRNA significantly blocked transmigration to similar levels as CD99 shRNA (Fig. 7 l) . Immunoblot analysis was performed on cells treated in parallel to quantify the knockdown efficiency (Fig. 7 , m and n). These results were reproduced using TNF-activated HUVEC monolayers, which showed an equal level of blockade for CD99 and ezrin shRNA-treated conditions (unpublished data). From this, we concluded that EC CD99 interacts with sAC and PKA-RII through ezrin to regulate leukocyte diapedesis.
CD99 cytoplasmic tail mediates TEM through a positively charged juxtamembrane region
The cytoplasmic tail of CD99 is composed of 39 aa, contains no known signaling motifs, and has no known binding partners. However, within the juxtamembrane cytoplasmic tail there lies a short lysine-rich region that is highly conserved across species (Banting et al., 1989; Ellis et al., 1994; Park et al., 2005) . To test the importance of this region for CD99 function, we generated a series of CD99-GFP mutants (Fig. 8 a) . Endogenous CD99 was knocked down in HUVECs using shRNA, which decreased TEM significantly. Exogenous CD99-GFP was then reexpressed in these cells. Immunoblot analysis demonstrated sufficient knockdown of endogenous CD99 and comparable levels of reexpression of the rescue constructs (Fig. 8 b) . Whereas wild-type CD99-GFP was able to rescue TEM, CD99 lacking the majority of its cytoplasmic tail was unable to do so (Fig. 8 c) . Furthermore, mutation of the four juxtamembrane lysine residues (KKKLCFK) to negatively charged glutamic acids (EEELCFE) failed to restore TEM. However, conserving the positive charge of this region by mutating the lysine's residues to arginines (RRRLCFR) brought TEM to wild-type levels. Two point mutations were also tested: a putative PKC site (SHR) and a casein kinase II phosphorylation site (TLLE). CD99 bearing either of these two mutations fully rescued TEM, demonstrating that these residues were not important for CD99 function in TEM. These data prove that the positive charge of the juxtamembrane lysines in the cytoplasmic tail of CD99 are required for its function during TEM.
To test whether the ability of the CD99 cytoplasmic tail to support TEM was a result of its ability to interact with sAC and ezrin, we expressed our GFP constructs in EC and immunoprecipitated CD99. We pulled down only CD99 from the the junctions, at comparable levels to CD99 shRNA (Fig. 6,  d and e). Immunoblot analysis was performed on HUVECs treated in parallel to quantify the knockdown efficiency (Fig. 6,  f and g ). These experiments were replicated using TNFactivated HUVEC monolayers for both monocytes (peripheral blood mononuclear cells [PBMCs] ) and neutrophils (polymorphonuclear leukocytes [PMNs] ). Similar to the aforementioned results, genetic knockdown of endothelial sAC blocked both monocyte (Fig. 6 h) and neutrophil transmigration (Fig. 6 i) across cytokine-activated endothelial monolayers. Additionally, immunoblot analysis was performed on samples treated in parallel to ensure that genetic ablation of sAC did not affect ICAM-1 up-regulation and the expression of other cellular adhesion molecules (Fig. 6 j) or the distribution of these molecules (not depicted). From these studies, we confirmed that sAC functions at the same step as CD99 in TEM of monocytes across resting and activated EC, as well as of PMNs across activated endothelium.
CD99, sAC, PKA, and ezrin form a signaling complex to regulate TEM As CD99 is concentrated at endothelial borders (Schenkel et al., 2002) and signals through sAC to regulate TEM, we examined the subcellular distribution of sAC in EC. HUVECs were infected with adenovirus encoding sAC t -GFP, fixed, and stained for CD99. sAC t -GFP was expressed not only throughout the cytoplasm, as previously reported (Zippin et al., 2003) , but also partially localized to endothelial junctions (Fig. 7 a) .
Given that sAC and CD99 colocalize at EC junctions, we sought to determine if these proteins were interacting. We immunoprecipitated endogenous CD99 or sAC from primary ECs and immunoblotted for each respective protein. Under both conditions, CD99 and sAC co-immunoprecipitated in EC (Fig. 7, b and c) .
Because CD99 functions via PKA, we tested if PKA interacted with CD99 and sAC. Immunoblot analysis of immunoprecipitations revealed that the regulatory subunit type II (RII) of PKA specifically interacted with CD99 and sAC (Fig. 7, b and c) . Scaffolding proteins known as AKAPs (Wong and Scott, 2004; Carnegie et al., 2009 ) bind the regulatory subunits of PKA and compartmentalize it to discrete areas of the cell, along with various effector molecules. One such AKAP that functions at the plasma membrane is ezrin. Immunoblot analysis of CD99 and sAC immunoprecipitations revealed that ezrin specifically interacts with CD99, sAC, and PKA-RII (Fig. 7, b and c) . As a control for specificity, we checked whether CD99 interacts with other AKAPs known to associate with the plasma membrane, such as AKAP-13 (AKAP-Lbc; Wong and Scott, 2004) . Although AKAP-13 is expressed in HUVECs, it does not associate with CD99 (Fig. 7 b) .
To determine the relationship in which CD99, sAC, and ezrin interact in ECs, we performed coimmunoprecitation analysis on ECs pretreated with either scrambled or sAC shRNA. In sAC shRNA-treated lysates, sAC expression (50-kD isoform) was significantly decreased compared with SCR controls (Fig. 7, d and e ). An equal decrease was CD99 (unpublished data). Therefore, the majority of molecules that were immunoprecipitated were the exogenous constructs. Immunoblot analysis revealed that loss of the cytoplasmic tail or loss of the positively charged juxtamembrane plasma membrane of HUVECs to avoid complications of any potential trafficking defects caused by our mutations (see Materials and methods). Additionally, CD99-GFP constructs were expressed at roughly 5-10 times that of residual endogenous Endogenous CD99 in HUVECs was knocked down using CD99 shRNA. CD99-GFP constructs were then reexpressed. Samples treated in parallel were lysed and used for immunoblot analysis of CD99 to assess degree of reexpression and knockdown. (c) Quantitative TEM assays were then performed on knockdown samples. (d) CD99-GFP constructs were overexpressed in iHUVECs. CD99 was then immunoprecipitated from the surface of cells (ensuring only fully processed CD99 was being analyzed). Immunoblot analysis for ezrin, sAC, and CD99 was then performed. (e and f) Quantification of results above. Amount of ezrin (e) and sAC (f) in each sample was normalized to the amount of CD99 immunoprecipitated (to account for any variability in pull-down efficiency between samples). Values were then normalized to wild-type CD99-GFP condition. Images are representative three (b and d) independent experiments. Numerical values are the mean of three (c, e, and f) independent experiments. Error bars represent SD (e and f) or SEM (b; ***, P < 0.001; ****, P < 0.0001; ANOVA). group. Importantly, there was no difference in mean vessel length, diameter, or the total number of PMN per field among the groups (not depicted).
To test the effect of genetic deletion of sAC in ECs, we generated an endothelial-specific sAC knockout by crossing conditional sAC knockout mice (sAC-C2 flox/flox ; Chen et al., 2013) with VE-Cre mice (Alva et al., 2006) . Because hemogenic endothelium bears VE-cadherin, there have been reports of variable numbers of leukocytes also being affected by this cre recombinase (Kim et al., 2005b ). Therefore, we tested the specificity of the knockout in our hands. At the conclusion of the experiments, we isolated the peripheral blood and heart ECs (MHECs) from the mice used in the experiments below. Cells were then sorted by FACS into two populations: MHECs (CD31 + /CD45  ) and leukocytes (Ly6G + /CD45 + ). DNA was extracted from these populations and PCR was performed to assess the expression of the full-length (wild-type) sAC allele and the sAC-C2 knockout allele. The ECs in the VE-Cre + mice bore the knockout allele, whereas the leukocytes from these mice had almost exclusively wild-type sAC (Fig. 10 a) . In addition, we analyzed the expression of ICAM-1 on the postcapillary venules of carrier-treated and croton oil-treated sAC-C2 flox/flox and sAC-C2 flox/flox /VE-Cre + mice. Deletion of sAC in ECs had no effect on the expression of ICAM-1 under either condition (unpublished data).
The endothelial-specific sAC KO mice were subjected to inflammation in our croton oil dermatitis model. Mice in which endothelial sAC was ablated (sAC-C2 flox/flox /VE-Cre + ) showed significantly attenuated transmigration compared with control mice (sAC-C2 flox/flox ; Fig. 10, b and c) . Furthermore, we analyzed where the neutrophils were being arrested in these mice (Fig. 10 b insets) and similar to KH7 and anti-CD99-treated mice, the majority of leukocytes were arrested partway through the endothelium (Fig. 10 d) . There was no difference in average vessel length, diameter, or the total number of PMN per field among the groups (not depicted). From these data, we confirm specifically that endothelial sAC is critical for leukocyte extravasation in vivo.
DISCUSSION
Although CD99 has been known to be critical for leukocyte transmigration for over a decade (Schenkel et al., 2002; Bixel et al., 2004 Bixel et al., , 2010 Lou et al., 2007; Dufour et al., 2008) , the mechanism has remained completely unknown. Here, we report that homophilic engagement of endothelial CD99 recruits membrane from the LBRC to sites of leukocyteendothelial contact to facilitate the passage of leukocytes through the endothelial junctions. This engagement of endothelial CD99 (Fig. 10 e, #1 ) signals through sAC (Fig. 10 e, #2) to activate PKA (Fig. 1 e, #3) , which works through a yetto-be-defined mechanism (Fig. 10 e, #4 ) to induce LBRC membrane trafficking (Fig. 10 e, #5) . Furthermore, we demonstrate that CD99 and sAC are held together in a signaling complex with ezrin and PKA and that this interaction is dependent on a lysine-rich juxtamembrane region in the cytoplasmic region attenuated the ability of CD99 to interact with sAC and ezrin (Fig. 8, d-f) . The small amount of sAC and ezrin seen with these constructs was likely caused by the fraction of endogenous CD99 that was immunoprecipitated. From this, we concluded that the lysine-rich, positively charged juxtamembrane region of the CD99 cytoplasmic tail is critical for its association with sAC and ezrin.
sAC is critical for leukocyte TEM in vivo CD99 has been shown to be critical for leukocyte transmigration in vivo (Bixel et al., 2004; Dufour et al., 2008; Bixel et al., 2010) . To test if sAC is also required for leukocyte extravasation in vivo, we used a model of dermatitis. Before stimulation with croton oil, mice were pretreated with either anti-CD99 (clone 3F11 mAb; Fig. 9 a) , KH7, or carrier alone (DMSO). 3D confocal microscopy of fixed tissue revealed that although mice treated with carrier alone showed robust neutrophil influx into the perivascular space of the ear, treatment with either anti-CD99 or KH7 significantly attenuated this response (Fig. 9 , b and c). To further identify the step at which anti-CD99 and KH7 were acting to block extravasation, we analyzed xzorthogonal sections to discern where neutrophils were being arrested ( Fig. 9 b, insets) . Cells were scored as being in one of six positions (Fig. 9 d) . Both anti-CD99 and KH7 arrested the vast majority of leukocytes partway through the endothelial junctions (Fig. 9 e) , replicating the phenotype seen upon blocking CD99 or sAC function in vitro. There was no difference in mean vessel length, diameter, or the total number of PMN per field among the groups (unpublished data). Additionally, pretreatment of PMN with KH7 did not affect their ability to transmigrate across endothelial monolayers in vitro (not depicted). Therefore, we conclude that the effect of anti-CD99 and KH7 was on transmigration and not previous steps required for leukocyte requirement.
In vitro, we overcame the block to TEM rendered by anti-CD99 mAb using a H2-R agonist to directly activate PKA (Fig. 2 b) . To test this in vivo, we preteated mice with either anti-CD99 or control IgG and stimulated their ears with croton oil. 2 h before harvesting the tissue, we injected dimaprit (10 mg/kg; Bastaki et al., 2008) or carrier alone. As observed in vitro, activation of the H2-R was able to overcome the anti-CD99 blockade of TEM in vivo (Fig. 9, f and g ). As a control, mice treated with anti-CD99 were sacrificed at the time dimaprit was given to ensure extravasation was blocked throughout the experiment; there was no difference between these mice and those in the anti-CD99/carrier treatment group (Fig. 9 h) . Additionally, when comparing the xzorthogonal views to assess sites of blockade, we noticed that upon treatment with dimaprit there was a shift from leukocytes being arrested in the middle of endothelial junctions to subsequent steps of extravasation (arrest on the basement membrane or migrating through the basement membrane, Fig. 9 i) . This phenomenon could be caused by prematurely stopping the restoration of the anti-CD99 blockade; if we waited longer after giving dimaprit, we might have seen a higher percentage of restoration in the dimaprit-treated anti-CD99 surface (Forte and Zhu, 2010) . Ezrin has been shown to be critical for promoting this membrane movement, linking the gastric apical cAMP microdomain with the actin cytoskeleton. We found in this study that CD99 functions locally to activate PKA and promote the movement of LBRC. Furthermore, ezrin appears to be critical to the function of CD99, as well; it localizes sAC to the cytoplasmic tail of CD99 so that it can activate PKA. As with parietal cell physiology, the downstream tail of CD99. These findings represent the first description of the immediate downstream signaling mechanisms of CD99, as well as the first demonstration of a role for sAC in leukocyte TEM.
There are parallels between our findings on LBRC trafficking and other membrane movement in physiology. In gastric parietal cells, PKA activation by the H2 receptor results in massive flux of tubulovesicle membrane to the apical secretory (h) Additional mice pretreated with anti-CD99 mAb were sacrificed at the time dimaprit was given (3 h) to ensure that the anti-CD99 blockade was present throughout the experiments (5 h total). (i) Quantification of the site of arrest for anti-CD99/carrier and anti-CD99/dimaprit-treated animals. 100-200 cells were analyzed per ear. Total PMN per field of view, vessel length, and vessel diameter were equivalent for all conditions tested (not depicted). Images were acquired with a 40× objective (n = 1.00). Insets show xz-orthogonal view (where yellow bar dissects the vessel) to demonstrate site of neutrophil arrest. Bars, 25 µm. Two to three mice per condition were used for each experiment. Images are representative of two (f) or three (a and b) independent experiments. Data represent the average value of two (g-i) or three (c and e) independent experiments. Error bars denote SEM ***, P < 0.001; ****, P < 0.0001; Student's t test [c and g] and ANOVA [e and i]). (Zaccolo M, 2009 ). Approximately 50 AKAPs have been identified in different cell types to date in Jarnaess and Taskén, (2007) ; however, little is known about the AKAP expression profile in EC. Ezrin is also a member of the ERM (ezrin/ radixin/moesin) family, a group of proteins that link the plasma membrane to the actin cytoskeleton. Actin remodeling during leukocyte TEM is a dynamic process that requires targets of PKA that link its activation to the trafficking of intracellular membrane are not known. However, this is an area of future interest.
cAMP is an abundant second messenger for numerous, often concurrent, cellular processes. It is critical that its activity be tightly regulated and localized to discrete microdomains within the cell to ensure precise spatiotemporal signaling important variables, including differences in mouse strain (Schenkel et al., 2004; Seidman et al., 2009 ), vascular bed, or the confocal resolution of the xz-plane. This last point is especially important as z-axis resolution is the ultimate limitation of microscopy and critical for the conclusions drawn in these experiments (see Materials and methods for information on the microscope used in these studies). However, to definitively discern where CD99 is functioning in relation to the endothelium, this process should be studied in real time, in vivo, comparing the two strains head to head, a study that is currently underway in our laboratory.
In conclusion, CD99, sAC, and PKA are tethered by ezrin to EC junctions. Engagement of EC CD99 activates sAC, which stimulates PKA and induces continued recruitment of membrane from the LBRC to sites of transmigration to facilitate diapedesis.
MATERIALS AND METHODS
Procedures. All procedures involving human subjects and human materials were approved by the Institutional Review Board of Northwestern University Feinberg School of Medicine.
Antibodies and reagents.
Mouse IgG 2a anti-human PECAM (clone hec7; Muller et al., 1989) , mouse IgG 2a anti-human VE-cadherin (clone hec1; Ali et al., 1997) , mouse IgG 1 anti-human CD99 [hec2]; Schenkel et al., 2002) , mouse IgG 2a anti-human CD18 (clone IB4; Wright et al., 1983) , and Armenian hamster anti-mouse PECAM (clone 2H8; Schenkel et al., 2004) were produced in the laboratory via hybridoma methodologies. The nonfunctional blocking mouse anti-human PECAM antibody (clone P1.1; Liao et al., 1995) was purified from mouse ascities fluid from P. Newman (Blood Center of Wisconsin, Milwaukee, WI) according to standard methods. Mouse IgG 1 anti-human sAC (clone R21), biotinylated R21, and mouse IgG 2b anti-human sAC (clone R37) were generated as previously described (Buck et al., 1999; Farrell et al., 2008) . Rabbit anti-human ADCY10, rabbit antihuman -actin, rabbit anti-mouse collagen IV, rat anti-mouse MRP-14, and rabbit anti-human AKAP13 were purchased from Abcam. Rabbit antihuman phospho PKA Thr197, rabbit anti-human PKA C, rabbit anti-human phospho-VASP Ser157, rabbit anti-human VASP (clone 9A2), rabbit antihuman phospho-CREB Ser133 (clone 87G3), rabbit anti-human CREB (clone 48H2), and rabbit anti-human ezrin were purchased from Cell Signaling Technology. Rabbit anti-human CD99, rabbit anti-human PKA-RII, and mouse anti-human ezrin (clone 3C12) were purchased from Santa Cruz Biotechnology, Inc. Rabbit anti-human CD54 (ICAM-1) was purchased from AbD Serotec. PE rat anti-mouse Ly6G, PE Rat IgG2a, FITC rat antimouse CD31, FITC Rat IgG2b, APC rat anti-mouse CD45, and APC Rat IgG2b were purchased from BioLegend. Nonspecific mouse IgG 1 , GM IgG 1 , GM IgG 2a , goat anti-rabbit IgG, goat anti-Armenian hamster IgG, Alexa Fluor 488 goat anti-rat IgG, and Alexa Fluor 647 donkey anti-rabbit IgG were purchased from Jackson ImmunoResearch Laboratories. DyLight-488 and -550 GM IgG2a and DyLight-550 goat anti-Armenian hamster were conjugated using a kit purchased from Thermo Fisher Scientific.
Forskolin, 8-(4-Chlorophenylthio) adenosine 3,5-cyclic monophosphate, ddAdo, histamine dihydrochloride, diphenhydramine hydrochloride, rantidine hydrochloride, JNJ 10191584 maleate salt, and dimaprit dihydrochloride were purchased from Sigma-Aldrich. KH7 was purchased from Cayman Chemical Company. PKI 14-22 myristolyated amide and 8-pCPT-2-O-Me-cAMP-AM were purchased from Tocris Bioscience. Recombinant human TNF was purchased from R&D Systems.
Isolation and culture of human ECs. Human umbilical vein ECs (HUVECs) were isolated from human umbilical cords as previously described (Muller et al., 1989; Muller and Luscinskas, 2008) . At their second passage, rapid signaling between adhesion molecules and actin effector molecules (Alcaide et al., 2009; van Buul and Hordijk, 2009) . We demonstrate that ezrin interacts with CD99 through a positively charged juxtamembrane region in its cytoplasmic tail. This raises the possibility that CD99 signaling could directly affect actin remodeling during leukocyte transmigration; a possibility that is currently being investigated.
cAMP-induced activation of Rap1, through Epac, stabilizes VE-cadherin at cell-cell junctions and decreases barrier permeability (Fukuhra et al., 2006; Noda et al., 2010) . Although this function of cAMP may seem to contradict its role in CD99 signaling, it is important to note that vascular permeability and leukocyte TEM are molecularly distinct events; increased permeability can occur with decreased leukocyte extravasation (Schnoor et al., 2011) . We demonstrate here (Fig. 3 f) that only cAMP capable of activating PKA is able to restore the anti-CD99 blockade of TEM; an EPAC-selective cAMP analogue has no effect. Therefore, it is likely that the pool of intracellular cAMP generated upon engagement of CD99 is localized specifically near the cytoplasmic tail of CD99 and is separate from the pool regulating VE-cadherin dynamics.
SAC is encoded by a single gene containing >30 exons. However, multiple promoters and extensive alternative splicing yield a variety of isoforms (Jaiswal and Conti, 2001; Geng et al., 2005; Farrell et al., 2008) . Full-length sAC (sAC fl ) represents the entire 187-kD protein, whereas the minimal functional variant sAC t , is a truncated form (50 kD) consisting of the two C terminus catalytic domains. sAC t has been implicated in a variety of cellular functions, including renal epithelial physiology (Tresguerres et al., 2011) . Similar to epithelial cells, where sAC t appears to be enriched at apical and basolateral membranes (Paunescu et al., 2008) , we observed a distinct subset of sAC t -GFP at sites of EC-cell contact, colocalizing with the junctional adhesion molecule CD99. Additionally, in HUVECs, the predominant form of sAC that coimmunoprecipitated with CD99 is 50 kD. Upon treatment with sAC shRNA, the 50-kD sAC isoform was significantly knocked down, correlating with a decrease in leukocyte transmigration, and reexpression of rat sAC t -rescued TEM (Fig. 7) . These data suggest that sAC t is the isoform of sAC that interacts with CD99 to regulate diapedesis. Our work identifies sAC as a key regulator of leukocyte extravasation, and therefore a potential therapeutic target for treating inflammatory disease.
Although CD99 has been shown to function downstream of PECAM during diapedesis in vitro (Schenkel et al., 2002; Lou et al., 2007; Sullivan et al., 2013) , the step at which CD99 functions in transmigration in vivo has not been as well defined (Bixel et al., 2004 (Bixel et al., , 2010 Dufour et al., 2008 ). In our current study, we demonstrate that when CD99 function is blocked in vivo, neutrophils are indeed arrested partway across the endothelial lining, as they are in vitro (Fig. 9) . Bixel et al. (2010) reported that blocking CD99 using a polyclonal antibody arrested neutrophils between the endothelium and the basement membrane in the cremaster circulation. The difference between these observations could be due to several 5-AAGCTGGATAAGAAGGTGTCTTCGAAGACACCTTCTTATC-CAGCTT-3; ezrin2 shRNA, 5-AAGGAATCCTTAGCGATGAGA-TCGATCTCATCGCTAAGGATTCCTT-3). The shRNA constructs and hU6 promoters were cloned into the pENTR4 plasmid (Invitrogen). These vectors were recombined with the adenoviral vector pAd/PL-DEST (Invitrogen) using LR Clonase (Invitrogen) according to the manufacturer's guidelines and used to produce adenovirus for transduction according to standard methods (Zhang et al., 2006) .
The full-length CD99-GFP construct and its pCMV promoter were cloned into the pENTR4 vector. Site-directed mutagenesis was then performed to generate the CD99-GFP cytoplasmic tail mutants. These constructs were subsequently recombined with the pAd/PL-DEST plasmid to produce adenovirus.
Rat sAC t was originally supplied in the pDEST26 vector (Invitrogen). Rat sAC t and its pCMV promoter were cloned into the pENTR4 plasmid. Site-directed mutagenesis was used to induce two silent mutations in the sAC t cDNA rendering it resistant to sAC shRNA-1 and -2. To generate sAC t -GFP, sAC t was inserted in frame with eGFP in the pENTR4 vector, encoding a C-terminal eGFP linked fusion protein. These constructs were then recombined with pAd/PL-DEST and used to produce adenovirus.
For adenoviral infection of HUVECs, cells were seeded either on threedimensional collagen matrices (96-well) or fibronectin-coated tissue culture surfaces (6-well). The following day, monolayers were washed 3 times with serum-free M199 and incubated with shRNA adenovirus for 24 h. The next day, cells were wash three times and incubated with rescue construct or GFP construct adenovirus. The following day, cells were washed and incubated with fresh media for 24 h before being used in experiments. With this protocol, the knockdown and reexpression constructs were expressed for 72 and 48 h, respectively.
Generation of anti-mouse CD99 monoclonal antibody. Wistar rats (SLC) were immunized with mouse CD99-Fc fusion protein (Wang et al., 2013) using TiterMax Gold (TiterMax) as an adjuvant. 2 wk after immunization, lymph node cells were fused with SP2/0, and a clone that recognized mouse CD99-transfected Ba/F3 cells was obtained (clone 3F11; Fig. S7 ). The mAb produced in culture supernatant was purified by protein G affinity chromatography (GE Healthcare).
Protein cross-linking. Confluent, resting HUVECs were incubated with anti-CD99 (clone hec2), anti-PECAM (clone hec7), or mIgG 1 for 1 h at 37°C. Cells were then washed to remove nonbound mAb and subsequently incubated with GM secondary antibodies for 10 min at 37°C. The HUVECs were then lysed immediately in boiling sample buffer. Where indicated cells were pretreated with the following inhibitors: PKI (5 µM, 1 h), KH7 (50 µM, 1 h), and ddAdo (25 µM, 1 h) before cross-linking for the indicated times.
Polystyrene microsphere (bead) coating. Polystyrene microspheres were coated as previously described (Sullivan et al., 2013) . In brief, aminofunctionalized polystyrene beads (Polysciences; 3 µm) were washed and resuspended in 8% glutaraldehyde in PBS for 2 h at room temperature. Beads were washed and incubated with 200 µg/ml of anti-CD99 mAb, anti-PECAM mAb, or control mIgG 1 for 2 h at room temperature. Beads were then washed and blocked with 0.1 M Glycine in PBS for 2 h at RT. Conjugate beads were washed once more and stored in PBS for up to 1 wk without noticeable loss of efficacy.
For bead recruitment experiments, HUVEC monolayers were grown on fibronectin-coated dishes (MatTek Corporation) and transduced for 48 h with wild-type CD99-GFP adenovirus. The day of the experiments, beads were washed, diluted in preconditioned HUVEC media, and added to dishes. Beads were allowed to settle and bind for 20 min at 37°C. Monolayers were then washed with PBS and fixed with 4% paraformaldehyde. Monolayers were subsequently permeabilized and stained for VE-cadherin and phospho-PKA Thr197. All images within each experiment were captured under identical settings and processed in parallel with ImageJ (National Institutes of Health) to preserve relative intensities in immunofluorescence staining.
HUVECs were cultured on three-dimensional type-I collagen matrices (PureCol; Inamed Biomaterials) to ensure formation of high-quality basement membranes (Muller et al., 1989; Muller and Luscinskas, 2008) . For adenoviral infection, HUVECs were infected for 72 h for shRNA adenoviruses and 48 h for rescue and GFP constructs.
Immortalized HUVECs (iHUVECs) were generated and grown as previously described (Ancuta et al., 2003; Yang et al., 2005) . In brief, this line was generated from HUVECs transduced with LSNX-16E6E7 retrovirus (encoding HPV-16 oncoproteins E6 and E7). These cells have been shown to express similar levels of adhesion molecules and to support TEM similarly to unmodified HUVECs (Ancuta et al., 2003; Yang et al., 2005; Feng et al., 2015) .
Isolation of human peripheral blood mononuclear leukocytes (PBMCs).
PBMCs were isolated as previously described (Muller and Weigl, 1992; Muller and Luscinskas, 2008) . In brief, blood was drawn from healthy volunteers into 1/10 volume EDTA (10 mmol/l) and mixed with an equal volume of HBSS (Mediatech Inc.). Blood/HBSS mixture was layered over Ficoll-Paque density gradient medium (GE Healthcare) and centrifuged at 2,200 rpm for 20 min. The upper plasma layer was collected. The PBMC layer was collected and diluted in HBSS. Both PBMC and plasma were centrifuged at 1,500 rpm for 10 min. The PBMC pellet was resuspended in the spun platelet-depleted plasma and centrifuged at 1,200 rpm for 5 min. The resulting PBMC pellet was washed 3 times with HBSS via resuspension and centrifugation at 1,200 rpm for 5 min. The final PBMC pellet was resuspended in M199 (Invitrogen) containing 0.1% human serum albumin (HSA; Grifols Biological Inc.).
Isolation of human polymorphonuclear cells (PMNs).
PBMC were isolated as previously described (Lou et al., 2007) . In brief, blood was drawn from healthy volunteers into 1/10 volume EDTA (10 mmol/l). Blood/EDTA mixture was layered over PolymorphPrep gradient medium (Axis-Shield) and centrifuged at 1,800 rpm for 30 min. The PMN layer was collected, diluted in room temperature HBSS/HAS, and centrifuged at 750 rpm for 5 min. The PBMC pellet was resuspended in HBSS/HSA, counted, and centrifuged at 750 rpm for 5 min once more. The final PMN pellet was resuspended in M199 (Invitrogen) containing 0.1% HAS (Grifols Biological Inc.).
Isolation of MHECs and mouse peripheral blood leukocytes.
MHECs were isolated as previously described (Lim et al., 2003) . In brief, hearts were dissected from 6-8-wk-old mice after experiments. Tissue was then dissociated using Type-II Collagenase (Life Sciences). RBCs were lysed using Pharm Lysis Buffer (BD). Tissue homogenate was labeled and sorted by FACS.
Mouse leukocytes were isolated from peripheral blood. In brief, blood was collected via facial vein puncture. RBCs were lysed. Cells were then labeled and sorted by FACS.
Mouse strains. FVB/n wild type mice were originally purchased from The Jackson Laboratory (JAXE). sAC-C2 floxed mice (mixed background; Chen et al., 2013) were crossed with VE-Cre mice (C57BL/6 background; Alva et al., 2006) to generate sAC-C2 endothelial-specific knockout mice. All mice were raised and housed at Northwestern University Feinberg School of Medicine (Chicago, IL). All procedures were approved by the Institutional Animal Care and Use Committee of Northwestern University.
Cloning of shRNA, CD99, sAC, and ezrin adenoviral constructs. CD99 shRNA (5-GGCTGGCCATTATTAAGTCTTCAAGAGAGA-CTTAATAATGGCCAGCCTTTTT-3) and scrambled control (SCR, 5-ACTACCGTTGTTATAGGTGTTCAAGAGACACCTATAACAA-CGGTAGTTTTTT-3) were generously provided in the pSilencer2.1 vector by K. Scotlandi (Rizzoli Orthopedic Institute, Bologna, Italy). sAC shRNA (sACsh1, 5-CCGGCCGTACTGAGAAAGTCATGT-TCTCGAGAACATGACTTTCTCAGTACGGTTTTT-3, sACsh2, 5-CCGGGCTCAGATGAATGATGTTATTCTCGAGAATAACAT-CATTCATCTGAGCTTTTT-3) were purchased from Sigma-Aldrich in the pLKO.1 vector. Ezrin shRNA sequences were created from previously published siRNA sequences (Osawa et al., 2009 ; ezrin1 shRNA, resting HUVEC monolayers, but only monocytes transmigrate to any measurable degree over the time course (1 h) of the assay. Similar results are seen using HUVEC monolayers activated by cytokines TNF or IL-1. PECAM and CD99 are constitutively expressed at endothelial borders; treatment with proinflammatory cytokines TNF or IL-1 does not change their expression levels or distribution (Schenkel et al., 2002) . The requirements and mechanisms of TR of leukocytes are the same for neutrophils, monocytes, and lymphocytes under resting or cytokine-activated conditions (Mamdouh et al., 2008) . Therefore, most of these studies were performed on monocytes on resting EC monolayers. However, critical results were confirmed with both monocytes and neutrophils on TNF-activated HUVECs. In brief, PBMCs (2 × 10 6 cells/ml) were added onto confluent HUVEC monolayers grown on hydrated type-I collagen gels and allowed to migrate for 1 h at 37°C. The monolayers were washed twice with 1 mM EDTA in PBS (no Ca 2+ or Mg 2+ ) and then twice with PBS (with Ca 2+ or Mg 2+ ) before being fixed in 1% glutaraldehyde in 0.1 M sodium cacodylate buffer (Electron Microscopy Sciences). Fixed cells were stained with modified Wright-Giemsa stain (Protocol Hema3; Thermo Fisher Scientific) and mounted on glass slides. For each sample, at least 100 cells per monolayer were counted using a Zeiss Ultraphot microscope with Nomarksi optics and a SPOT Insight Color CCD (Diagnostic Instruments Inc.). Cells were counted according to their position to the HUVEC monolayer as either above or below the focal plane of the EC nuclei.
For TEM assays in which ECs were treated with blocking antibody, before the addition of PBMC, HUVECs were preincubated with anti-CD99 (clone hec2), anti-PECAM (clone hec7) or anti-VE-cadherin (clone hec1) at 20 µg/ml in preconditioned media for 1 h at 37°C. In TEM assays where ECs were treated with various inhibitors, before the addition of PBMCs, HUVECs were preincubated with the following inhibitors in preconditioned media for 1 h at 37°C: PKI (5 µM PKA inhibitor; Tocris), KH7 (50 µM sAC inhibitor; Cayman Chemical Co.), 2',5-dideoxyadenosine (ddAdo; 25 µM tmAC inhibitor; Sigma-Aldrich), diphenhydramine (10 µM H1-R antagonist; Sigma-Aldrich), ranitidine (10 µM H2-R antagonist; Sigma-Aldrich), or JNJ-10191584 (10 µM H4-R antagonist; Sigma-Aldrich) or DMSO (carrier control). HUVECs were then washed extensively in warm PBS before addition of leukocytes. For TEM in which ECs were treated with shRNA adenoviral constructs, HUVECs were infected with shRNA or rescue constructs for 72 and 48 h, respectively, as described above.
In TEM assays in which compounds were briefly added in an attempt to overcome TEM, PBMC were added to HUVEC monolayers and allowed to migrate for 50 min at 37°C. Before washing and fixation, reagents were added at the following working concentrations to the monolayers and cells were incubated for an additional 10 min at 37°C: GM IgG 1 , goat anti-rabbit, 8-CPT (30 µM; Sigma-Aldrich), Forskolin (30 µM; Sigma-Aldrich), histamine (10 µM; Sigma-Aldrich), dimaprit (H2-R agonist; 10 µM; SigmaAldrich), 007-AM (3 µM; Tocris) or DMSO (control).
For TEM assays using TNF-activated monolayers, HUVECs were incubated for 4-6 h with recombinant human TNF (R&D Systems) in conditioned media. For experiments using neutrophils, primary human PMNs were isolated (as described above) and added to pretreated HUVEC monolayers. PMNs were allowed to transmigrate for 10 min at 37°C before being washed, fixed, and subsequently analyzed. TR assay. TR assays were performed as previously described (Mamdouh et al., 2003; Mamdouh et al., 2008) . In brief, HUVECs monolayers were grown to confluency on hydrated type 1 collagen gels. Cells were incubated with nonblocking PECAM Fab IgG 2a (clone P1.1), as well as functionblocking anti-CD99 IgG 1 (20 µg/ml) or mouse IgG 1 control in precondtioned media for 1 h at 37°C. Monolayers were subsequently washed, chilled, and incubated with a saturating amount (100 µg/ml) of nonconjugated GM IgG 2a (Jackson ImmunoResearch Laboratories) for 1 h at 4°C to bind surface anti-PECAM antibody. After extensive washing of unbound antibody, PBMC (2 × 10 6 cells/ml) were added to monolayers along with DyLight-550 GM IgG2a in M199. Cells were kept on ice at 4°C for 15 min to allow PBMC to settle before being warmed at 37°C for 10 min. Cells were subsequently washed and fixed in 4% paraformaldehyde for 10 min at Immunofluorescence microscopy. Confluent HUVECs were washed with PBS and fixed in 4% paraformaldehyde for 10 min at 37°C. Cells were then washed 3 times and permeabilized with 0.1% Triton-X 100 for 10 min at room temperature. Blocking buffer (PBS with 2.5% BSA; Sigma-Aldrich; 2.5% host species serum; Jackson ImmunoResearch Laboratories) was added for 1 h at room temperature. Cells were then incubated with primary antibody at 10 µg/ml in blocking buffer overnight at 4°C. VE-cadherin was detected by hec1. Phosphorylated PKA was detected by pPKA Thr197 (Cell Signaling Technology). The next day, cells were incubated with secondary antibody (DyLight-550 GM IgG 2a , Alexa Fluor 647 goat anti-rabbit; Jackson ImmunoResearch Laboratories) for 1 h at room temperature in PBS. Confocal images were visualized using an Ultraview Vox imaging system equipped with a Yokogawa CSU-1 spinning disk. Images were acquired with a 40× oil immersion objective using Volocity software (Perkin Elmer).
For immunofluorescence staining of transendothelial migration assays (TEM-IF), after the TEM assay (see TEM assay section) cells were fixed with 4% paraformaldehyde and blocked in blocking buffer as described above. Leukocytes were labeled with DyLight-488-conjugated mouse anti-human CD18 (clone IB4) and HUVECs were labeled with DyLight-550-conjugated mouse anti-human VE-cadherin (clone hec1). Samples were imaged and processed as described above.
Immunoprecipitation and Western blotting. For immunoprecipitation assays, HUVECs were grown to confluency on fibronectin-coated 6-well plates. Cells were washed once with ice cold PBS and lysed in lysis buffer containing 20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2 mM EDTA, 1% NP-40, 10% Glyercol, 1 mM Na 3 VO 4 (New England Biolabs), 1 mM PMSF (Sigma-Aldrich), PhosSTOP phosphatase inhibitor cocktail (Roche), and cOmplete Mini protease inhibitor cocktail (Roche). Lysates were collected and centrifuged at 14,000 rpm for 30 min at 4°C. Supernatants were recovered and precleared with recombinant Protein G-agarose beads (Invitrogen) for 1 h at 4°C with end-over-end rotation. Lysates were then incubated with either mouse anti-human CD99 (clone hec2), mouse anti-human sAC (clone R37), or control mouse IgG 1 for 4 h at 4°C. Immunocomplexes were incubated with Protein G beads for 1 h at 4°C and washed 4-5 times (5-10 min, 4°C) before being resuspended in 2× Laemlli loading buffer with -mercaptoethanol. The samples were heated at 95°C for 5 min and analyzed by SDS-PAGE. Total cell lysates or immunoprecipitated material were separated by 10% SDS-PAGE and transferred to PVDF (Sigma-Aldrich). Standard Western blotting techniques were then performed to detect desired protein levels. For western analysis of hec2 and R37 immunoprecipitation samples, CD99 levels were detected using rabbit anti-human CD99 (Santa Cruz Biotechnology, Inc.); sAC levels were detected using either biotinylated mouse anti-human sAC (R21B) or rabbit anti-human ADCY10 (Abcam); and ezrin was detected using mouse anti-human ezrin (clone 3C12; Santa Cruz Biotechnology, Inc.).
For immunoprecipitation of CD99-GFP constructs, to ensure only properly processed molecules that had successfully been trafficked to the cell membrane were being analyzed, infected iHUVECs were incubated with either mouse anti-human CD99 (clone hec2) or control mouse IgG 1 for 1 h at 37°C. As hec2 binds to the extracellular domain of CD99, the antibody-antigen complexes can form at 37°C. Cells were washed once in ice-cold PBS and lysed in lysis buffer (see above). Lysates were collected and centrifuged at 14,000 rpm for 30 min at 4°C. Supernatants were recovered and incubated with recombinant Protein G-agarose beads (Invitrogen) for 4 h at 4°C with end over end rotation. Immunocomplexes and beads were washed 4-5 times before being resuspended in 2× Laemlli buffer with -mercaptoethanol. The samples were heated at 95°C for 5 min and analyzed by SDS-PAGE.
For immunoblot analysis of cross-linked or adenovirus-transduced samples, HUVECs were pretreated as described above and lysed directly into boiling 2× Laemlli loading buffer. Samples were sonicated, incubated at 95°C for 5 min, and analyzed by SDS-PAGE.
TEM assay. TEM assays were performed as previously described (Muller et al., 1989; Muller and Luscinskas, 2008) . In this assay, PBMCs are added to Center Flow Cytometry Core Facility using a FACSAria SORP 4-laser cell sorter (BD). MHEC were deemed those FITC CD31 + /APC CD45  in the heart tissue homogenate. Leukocytes were deemed those PE Ly6G + /APC CD45 + in the peripheral blood.
Genotyping of MHECs and mouse leukocytes. Genomic DNA was then extracted from MHEC and leukocyte populations using the DNeasy Blood & Tissue kit (QIAGEN). PCR genotyping of wild type and sAC-C2 KO alleles was performed using previous published primers (forward, 5-GGA-CAGAAAGTAGAATGACTATCCCCCATTG-3; reverse, 5-CCGCT-CACCTCTTTTCGGATTACATC-3; Chen et al., 2013) .
Statistical analysis.
Numerical values represent the mean of at least three independent experiments ± SD (immunoblots) or SEM (TEM assays, TR assays, bead recruitment assays, and croton oil experiments). Variance of mean values between two groups were analyzed by the Student's t test for unpaired observations. Group differences were tested with one-way ANOVA (or twoway ANOVA when appropriate) followed by the Bonferroni's multiple comparison post-hoc test to calculate p-values. *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. Statistical analyses were performed using GraphPad Prism software (GraphPad).
37°C. Fixed samples were stained with Alexa Fluor 647 anti-CD18 (clone IB4) and imaged using 3-D confocal microscopy. For each sample at least 100 cells per monolayer were counted according to their position relative to endothelial junctions, whether or not they have initiated TEM (as determined by xz-orthogonal view) and whether or not there is enrichment PECAM-bearing membrane around the migrating cells. To quantitate the degree of LBRC enrichment, the mean fluorescence intensity of PECAM staining around leukocytes was measured and divided by the mean fluorescence intensity of PECAM staining of endothelial junctions of the same cell, not in contact with leukocytes.
For experiments in which two antibodies were used to label PECAM recycling, after cells were warmed up at 37°C for 10 min in the presence of DyLight-550 GM IgG 2a , samples were quickly chilled and washed extensively on ice at 4°C. DyLight-488 GM IgG 2a in M199 was then added and cells were kept on ice at 4°C for 15 min. Samples were then warmed to 37°C for 0, 5, or 10 min before being washed, fixed, and stained as described above. The degree of LBRC enrichment (as described above) was quantified for both antibodies over identical portions of the endothelium. Values were calculated for all time points collected.
For restoration experiments, before incubation at 37°C with DyLight 488 GM IgG 2a , 8-CPT (30 µM; Sigma-Aldrich), Forskolin (30 µM; SigmaAldrich), or DMSO was quickly added to cells. Samples were then warmed at 37°C for 10 min and fixed.
Croton oil-induced topical dermatitis. Croton oil experiments were performed as previously described (Schenkel et al., 2004) . In brief, for pharmacologic studies, sex and age matched FVB/n mice were pretreated i.p. with anti-CD99 (clone 3F11; 5 mg antibody/kg animal), KH7 (5 mol drug/kg animal), or DMSO (carrier control). 1 h later, 1% croton oil (SigmaAldrich) in a 9:1 mixture of acetone/olive oil (carrier) was applied to the left ears of animals. The right, contralateral ear was treated with carrier solution alone. After 5 h, the animals were sacrificed. For restoration experiments, after 3 h mice were injected i.p. with dimaprit (10 mg drug/kg animal; Bastaki et al., 2008) or H 2 O (carrier). Control mice were sacrificed at this time to assess efficacy of anti-CD99 blockade at the time dimaprit was administered. Mice were then sacrificed 2 h later.
For transgenic studies, the ears of sex-and age-matched mice were stimulated as described above. Animals were sacrificed 5 h later. Before sacrifice, peripheral blood was collected. After sacrifice, cardiac tissue was harvested and MHEC were isolated as described above. FACS was performed on isolated leukocytes and MHEC to assess gene expression in each cell type.
The ears were harvested and fixed in 4% paraformaldehyde overnight at 4°C. Tissue was permeabilized and blocked in a solution of 0.3% Triton X-100, 2.5% BSA, and 2.5% host-species serum in PBS overnight at 4°C. Ears were then incubated in primary antibody (anti-PECAM (clone 2H8), anti-MRP14 (Abcam), anti-collagen IV (Abcam) in blocking solution overnight at 4°C. Tissue was incubated with secondary antibody (Dylight550 goat anti-Armenian hamster, Alexa Fluor 488 goat anti-rat, Alexa Fluor 647 goat anti-rabbit) in PBS for 4 h at RT. Tissue was mounted and postcapillary venules 20-40 mm were imaged using an Ultraview Vox imaging system equipped with a Yokogawa CSU-1 spinning disk and a 40× oil-immersion objective (na = 1.00). Images were analyzed using Volocity software (Perkin Elmer) which renders the optical sections into 3-dimensional images, allowing the localization of leukocytes relative to the ECs and basement membrane.
FACS.
MHECs and mouse peripheral blood leukocytes were isolated from sAC-C2 flox/flox and sAC-C2 flox/flox , VE-Cre + mice as described above. For both cell types, RBCs were lysed for 15 min at room temperature, washed twice, and then incubated with rat anti-mouse CD16/CD32 (eBioscience) for 15 min at room temperature to block Fc receptors and washed twice more. Heart tissue homogenate was then labeled with FITC rat anti-mouse CD31 and APC rat anti-mouse CD45, or isotype control, for 30 min at 4°C. Mouse leukocytes were labeled with PE rat anti-mouse Ly6G (Gr1) and FITC rat anti-mouse CD31, or isotype control. Cells were then sorted at the Northwestern University Robert H. Lurie Comprehensive Cancer
